ABSTRACT: A population of filamentous sulfur bacteria Thioploca spp. living in the Bay of Concepci6n, Chile, and the adjoining shelf area was sampled for 14 mo at 4 to 6 wk intervals to investigate the influence of seasonal variations in u p w e l h g intensity and oxygen concentrations on the population dynamics. The Thioploca population was described by its biomass, total number and diameter of sheaths, number of trichomes and species per sheath, and abundance and depth distribution of different morphological forms, e.g. trichome diameters and ratios of cell-length to diameter. Throughout the summer of 1996, oxygen concentrations in the bottom water were near zero, nitrate was 10 to 20 p M and the biomass was high, up to 160 g m-' wet weight without sheaths. During winter, the biomass declined due to higher oxygen concentrations under reduced upwelling intensity. The depth distribution of Thioploca spp. changed strongly with seasonal variations, but the population structure remained mainly unchanged. During the 'El Nifio' event in 1998, with high oxygen and low primary production, the biomass was very low. In the Bay of Concepcion 2 populations of filamentous sulfur bacteria were observed, filaments with short cells in sheaths, populating the upper 7 cm of the sediment, and filaments without sheaths living at the sediment surface.
INTRODUCTION
The filamentous sulfur bacteria of the genus Thioploca are abundant in the upwelling areas along the coast of Chile and Peru (Gallardo 1977 , Rosenberg et al. 1983 . In contrast to the free-living, closely related sulfur bacteria Beggiatoa spp., Thioploca filaments live as bundles within a common sheath. The mainly vertically oriented sheaths may reach down many cm into the sediment (Schulz et al. 1996) . They are found in shelf sediments within the oxygen minimum zone and reach a high biomass of up to 1 kg m-' (fresh weight including sheaths) (Gallardo 1977) , being at times the most abundant benthic organism in the sediment. Studies on partially purified mixed cultures of Thioploca spp. showed that they oxidize sulfide to sulfate while reducing nitrate to ammonium (Otte et al. 1999) . The bacteria store elemental sulfur as globules in the peripheral cytoplasmic layer and concentrate nitrate in a central vacuole in concentrations of up to 0.5 M (Fossing et al. 1995) . These and other observations suggest that the marine Thioploca spp. commute up and down in their sheaths between the sediment surface, where they take up nitrate from the overlying seawater, and deeper parts of the sediment, where free hydrogen sulfide is available.
Because of the high biomass of Thioploca population~, they may play an important role in controlling the biogeochemistry of sediments in the oxygen minimum zone off Chile and Peru . In the sea floor off Concepcion, the Thioploca spp. transport large amounts of nitrate stored in the vacuole from the bottom water into the sediment, thereby increasing the total nitrate pool of the sediment by up to 100-fold (Thamdrup & Canfield 1996) . Different approaches have been used to estimate the fraction of produced sulfide which is oxidized by Thio-Mar Ecol Prog S~I ploca spp. Based on the amount of labeled sulfide recovered in the pool of elemental sulfur after incubation and the average sulfate reduction rates, Ferdelrnan et al. (1997) concluded that 17 to 34% of the sulfide produced in the sediment could be re-oxidized by Thioploca spp., whereas based on CO2 uptake rates Thioploca spp. could account for only 18% of the sulfide oxidation. Much lower values were suggested by Thamdrup & Canfield (1996) , who estimate from depth-integrated nitrate consumption rates that 2 to 4 % of the sulfide was oxidized with nitrate. Fossing et al. (1995) concluded from area1 nitrate uptake rates measured in situ that up to 20% of the sulfide produced in the sediment was oxidized by nitrate presumably consumed by Thioploca filaments. In the absence of oxygen during most of the year, it is not clear how the rest of the sulfide is oxidized.
A general problem in estimating the significance of (Gallardo 1977 , Rosenberg et al. 1983 , Gallardo 1985 , Zafra et al. 1988 , Gallardo et al. 1995 . As the sheaths account for ca 90% of the wet weight (Schulz et al. 1996) but have no significance for the metabolic activity, the biomass including sheaths does not reflect the physiological potential of a Thioploca population. In this study, the Thioploca population off the Bay of Concepcion was sampled for 14 mo at 4 to 6 wk intervals to investigate whether seasonal changes in the upwelling intensity induce changes in the biomass and the species composition of the population. In March 1998 the sampling program was repeated in order to characterize the Thioploca population under 'El Nino' conditions. Thioploca spp. are much larger than normal bacteria and have distinct morphological characteristics. This enabled us to quantify and describe the population and its reaction to environmental changes directly on a species level by morphological observation, which is otherwise not possible for non-photosynthetic prokaryotes.
MATERIALS AND METHODS
SampIing. Four stations in the Bay of Concepcion and the adjoining shelf area (Fig. l ) were sampled during 12 cruises on board the Chilean RV 'Kay Kay', of (Grasshoff 1983) . Bottom water samples for later determination of nitrate (including nitrite) were stored frozen until injection into a bath of vanadium(II1) chloride at 80°C, which reduced nitrate and nitrite to nitric oxide. A continuous nitrogen flow through the bath led the nitric oxide into a NO, analyzer, where it was detected by chemiluminescence (Braman & Hendrix 1989) .
Biomass and species distribution. Subsampled sediment cores were stored in the laboratory at 5°C for up to 10 d, open at the top and with 3 to 5 cm of bottom water over the sediment. The first subsampled Stn 18 in September 1996. At Stn 7 the depth of high-
Trichome parameters
The average diameter of trichomes as well as the average ratio of cell-length to trichome diameter (Table 1) did not change significantly between different times of observation, with the exception of ratio of cell-length to diameter in short-cell trichomes. At Stn 14 the diameter of Thioploca chileae filaments was significantly smaller and the ratio of cell-length to diameter higher than at the other 2 stations, while T. 
Number of sheaths
The total number of inhabited sheaths per cm2 generally followed the pattern of the total biomass, but the relationship between biomass and number of sheaths was slightly different for each station (Fig. 4) . The percentage of sheaths occupied by 1 of the 3 different groups (Table 1) showed that the composition of the Thioploca communities did not change significantly with time but was significantly different between stations. At Stn 18, sheaths containing trichomes of the short-cell morphotype occurred rarely throughout the year, whereas they were more abundant at Stn 14 and even more so at Stn 7. At Stns 14 and 18 sh-eaths con- ably between 8 and 22 cm. This was mainly due to short-cell trichomes which penetrated deepest into the sediment at all stations during the summers of 1996 and 1997. Long-cell filaments occurred to similar maximal sediment depths throughout the whole season. Stati,on ,l8 1
Sheath parameters
The average diameter of sheaths and the number of trichomes per sheath was found to be significantly different between stations but not between months for sheaths filled with Thioploca chileae trichomes, while for sheaths containing T. araucae the opposite was found (Table 1) . Sheaths containing T. chileae were smallest at Stn 14 and largest at Stn 7, although the number of filaments per sheath was much smaller at Stn 7 than at the other 2 stns.
Some sheaths contained filaments of 2 different size classes. These mixed sheaths were separated into 3 groups, 1 containing only trichomes of the long-cell morphotype (i.e. 73ioploca araucae and T. chileae), 1 containing only short-cell filaments of 2 groups with different diameter, and 1 containing long-cell and short-cell trichomes mixed. The last 2 groups occurred very rarely at all stations (Table l) , never comprising more than 1 % of all sheaths measured, while sheaths containing T. chileae and T. araucae together were much more abundant, showing the highest amount at Stn 7 and the lowest at Stn 14.
Occasionally, the smallest Thioploca species, Thioploca manna (2.5 to 5 pm in diameter) (Maier 1989 , Jwrgensen & Gallardo 1999 , was observed in sheaths together with 7: chileae or T. araucae, but their frequency could not be quantified, because the very small filaments are easily hidden by the larger filaments. In general, they appeared at all stations within the upper 3 cm of the sediment during most of the year.
The Bay of Concepcion
Stn 4, in the middle of the Bay of Concepci6n, was not constantly populated by typical Thioploca spp. and the type of population was different from the shelf stations. In February 1996 a population of short-cell Thioploca living in sheaths with a total biomass of 40 g m-2 was found in the upper 7 cm of the sediment (Fig. 3C) . From July 1996 to February 1997 this short-cell population was also observed, but with very low biomass ( < l g m-2). In January and February 1997, sheathless filaments (per definition beggiatoas) with diameters typical for T. araucae were found on top of the sediment with a biomass of 15 and 5 g m-2, respectively. Similar populations were observed in February, July, August and October 1996, but with very low biomass. The bottom water oxygen and nitrate concentrations at Stn 4 were similar to the shelf stations (Fig. 3A,B) .
Observations during 'El Niiio' in March 1998
Oxygen concentrations measured in the bottom water in March 1998 were high compared to March 1996 (Fig. 3A) , whereas nitrate concentrations were similar to earlier measurements (Fig. 3B) . The total biomass of Thioploca spp. was even lower than in winter 1996 (Fig. 3C) , and the total number of sheaths was correspondingly low. The average sediment depth of highest biomass was at 2 to 3 cm (Fig. 5) . Average trichome diameters and ratios of cell-length to diameter of Thioploca trichomes remained mainly unchanged on the shelf stations, except for the short-cell trichomes and T. araucae at Stn 14, which decreased in diameter (Table 1) . Sheath diameters were slightly greater, except for T. araucae at Stn 14, but the number of trichomes per sheath declined at all stations except for occurred with times of higher biomass (Fig. 3C ) but a linear correlation could not be found.
Population dynamics
The biomass of Thioploca spp. on the shelf station showed significant changes between different times of the year (F = 3.85, p = 0.004). From the maximal increases in biomass between subsequent observations it is possible to estimate minimum doubling times of Thioploca spp. under natural conditions, assuming that there are no predatory losses or other mortality. The mean doubling time of biomass during periods of biomass increase was 38, 56 and 55 d at Stns 7, 14 and 18 whereas the minimum doubling tunes were 22,35 and 24 d. Thus, it can be assumed that the maximum growth rates of Thioploca spp. under the environmental conditions correspond to a doubling time of approximately 3 wk, which compares well to the 26 to 52 d doubling time of filaments growing chemolithotrophically with acetate as a carbon source estimated from laboratory experiments with Thioploca spp. from Stn 7 (Otte et al. 1999) .
At Stn 4 the population of sheathless trichomes at the sediment surface increased 14-fold during September 1996, which corresponds to a doubling time of 5 d. These filaments were found to be identical to Thioploca araucae according to their 16s rDNA sequence . As the population at Stn 4 was generally more patchy this apparently short doubling time is only a rough estimate. However, compared to chemoautotrophic marine Beggiatoa strains, which have doubling times of 1 to 4 d (Nelson & Jannasch 1983 , Nelson et al. 1986 ) the number might be realistic, although the Beggiatoa filaments were narrower (4 to 5 pm) and therefore should grow faster.
Differences between shelf stations
The biomass of Thioploca spp. generally increased towards the coast (Fig. 3C ) with more short-cell trichomes ( Table 1 ) that reached deeper into the sediment during summer (Fig. 5) . The highest biomass of Thioploca spp. reported to date, 106 g per 0.1 m', including sheaths, was found near Stn 7 (Gallardo 1977) , which would correspond to ca 100 g m-2 without sheaths (Schulz et al. 1996) . These variations across the shelf coincided with higher sulfate reduction rates and, thus, increased availibility of sulfide towards the coast (Ferdelrnan et al. 1997, B.S. et al. unpubl. data) .
The relative abundances of Thioploca araucae, T. chileae and the short-cell morphotype were unaffected by seasonal changes but differed significantly among stations (Table 1) . T. araucae and short-cell filaments, which became more abundant towards the coast and occasionally populated the Bay of Concepci6n, seem to tolerate higher sulfide concentrations than T. chileae. The average trichome diameters of T. chileae and T. araucae did not vary seasonally (Table 1) but differed significantly between stations. A similar, remarkable invariance was observed for the ratios of celllength to diameter for these 2 species (Table 1) . Thus, faster cell division during growth in summer did not lead to shorter cells than those found in winter. The diameter of trichomes is probably genetically determined, as is indicated by 16s rDNA sequences (Teske et al. 1995) , and the small differences in trichome diameter might indicate that each station was populated by slightly different subspecies of T. araucae and T. chileae. At Stn 14, where the relative proportion of T. araucae filaments was the lowest, the T. chileae filaments had shorter cells, their trichomes and sheaths were much smaller in diameter, the sheaths contained more trichomes and the number of mixed sheaths was on average 3 times lower than at Stns 7 and 18 (Table 1) . Thus, it seems that there were no continuous changes in the population structure with higher water depths but each station has a specific composition of species and subspecies of Thioploca depending on local conditions. Concurrent with this finding, Gray et al. (1999) report a high diversity and degree of endemism for 16s rDNA sequences recovered from Achromatium oxaLiferum in different freshwater sediments in northern England (Gray et al. 1999) .
The average diameter of sheaths and number of trichomes per sheath changed seasonally for Thioploca araucae, while for sheaths of T. chileae clear differences between stations were found (Table 1) . At Stn 14, sheaths of T. chileae were small while the average number of trichomes per sheath was high. The T. chileae sheaths at Stn 7 were the largest but contained the lowest number of trichomes. For the shortcell morphotype the number of trichomes per sheath was low at all stations, while the diameter of sheaths were large. Thus, diameter of sheaths and number of t.richomes vary independently. At each station the dominating species had the highest number of trichomes per sheath irrespective of season. Since most sheaths were below 200 p in diameter and many below 100 p (Table l) , sieving with 1.0, 0.5 or even 0.25 mm sieves will lead to loss of sheaths. The resulting error is probably variable, as average sheath diameters differed among stations.
Sheaths with mixed species of Thioploca occurred with different frequency at each station (Table 1) . Sheaths containing short-cell trichomes of different diameters (>5 p difference) and sheaths inhabited by short-cell trichomes together with T. araucae or short-cell trichomes at Stn 14 (Table 1 ). The number of mixed sheaths with trichomes of different size-decreased at all shelf stations (Table 1 ). The proportion of the short-cell morphotype at Stn 7 and T. araucae at Stn 14 increased (Table 1) . Generally, replicate samples showed larger heterogeneity than before with respect to distribution of morphotypes and total biomass. At Stn 4, a population of sheathless trichomes with diameters typical for T. araucae was found at the sediment surface at a biomass of 2 g m-' (Fig. 3C) .
DISCUSSION

Seasonally changing parameters
High biomass (Fig. 3C ) occurred under low bottom water concentrations of oxygen (Fig. 3A) , which are dependent on the hydrographic conditions. Under normal spring and summer conditions, long periods of strong southerly winds induce coastal upwelling, and equatorial subsurface water rich in nutrients and depleted in oxygen covers much of the continental shelf. During winter or 'El Niiio' conditions, northerly winds dominate, which reduce the upwelling, and the shelf is covered by subantarctic water of lower salinity and higher oxygen concentrations (Strub-et al. 1998) . The seasonal upwelling off the coast of Concepci6n was most pronounced during the summer 1995/1996, whereas in the summer 1996/1997 upwelling was less stable. Consequently, the oxygen content of the bottom water fluctuated more and the biomass of Thioploca spp. was significantly lower than in 1996/1997 (Fig. 3A) .
On the shelf, sulfate reduction rates did not vary strongly between seasons (B.S. et al. unpubl. data) . Thus, the increase in bottom water oxygen seems to have been the main reason for a decline in Thioploca biomass under winter conditions. High biomass (> 50 g m-') was only found when oxygen concentrations in the bottom water were below 2 pM (Fig. 6 ). This is consistent with observations from the Peruvian upwelling areas, where highest biomasses of Thioploca spp. were clearly associated with low oxygen (Zafra et al. 1988) . However, in contrast to observations by Gallardo (1985 Gallardo ( , 1995 and Zafra et al. (1988) , the decrease in biomass was not generally accompanied by a decrease in the average number of trichomes per sheath (Table l) , but was mainly correlated with a decrease in the number of sheaths (Fig. 4) , especially at Stns 14 (r = 0.95) and 18 (r = 0.91). At Stn 7, this correlation was less pronounced (r = 0.71), which is concurrent with significant seasonal changes of the number of trichomes per sheath for the dominant species T. araucae (Table 1) . The decrease of total biomass and number of sheaths during winter 1996 was most prominent in the upper 0 Station l 4 Fig. 6 . Relation between biomass of Thioploca and oxygen concentration in the bottom water for the 3 shelf stations 1 cm of the sediment, where most of the biomass is located during summer (Schulz et al. 1996) . A month after higher oxygen concentrations appeared in the bottom water few sheaths could be found in the upper .
1 cm of the sediment and, consequently, the highest biomass was found deeper in the sediment (Fig. 7) . During the decline of the biomass, a high proportion of empty sheaths was occasionally found at the sediment surface, but these sheaths disappeared within the following month. The maximal depth extension of the Thioploca population varied significantly with season (F = 3.42, p = 0.01). During summer, filaments of the short-cell morphotype were found deepest down in the sediment (Fig. 5 ) but &sappeared in autumn and winter, leaving behind empty sheaths which were often stained black from iron sulfide. The colonization of deeper parts of the sediment by short-cell filaments generally co- Fig. 7 . Relation between depth of highest biomass and the oxygen concentration in the bottom water measured in the proceeding month for Stns 7, 14 and 18 7: chileae were rare at all stations ( < l %), whereas sheaths containing T. chileae together with T. araucae were much more abundant (3 to 14 %). An earlier study (Schulz et al. 1996) showed that in 85% of mixed sheaths T. araucae was dominant. This and other observations led to the hypothesis that mixed populations form when trichomes, which stretch up into the bottom water, and then retreat into their sheaths, draw other trichomes with them. This may happen more easily in the larger sheaths of T. araucae. This hypothesis is supported by the observation that mixed sheaths were most abundant at Stn 7, where 7: araucae dominated, and least abundant at Stn 14, where T. chileae dominated.
The Bay of Concepcion
The area1 sulfate reduction rates reported for Stn 4 are 3 to 4 times higher than for the shelf stations and, in contrast to the shelf sediments, free hydrogen sulfide regularly accumulates in the pore water up to the sediment surface (Ferdelman et al. 1997, B.S. et al. unpubl.) . Probably as a result of this, Stn 4 was not continuously populated by Thioploca spp. and, occasionally, 2 distinct types of populations occurred. In the early summer of 1996, short-cell filaments populated the upper 7 cm at Stn 4 in abundance (40 g m-'). For this period oxygen was not detectable in the bottom water, nitrate was present at l l pM concentration and the sediment smelled strongly of hydrogen sulfide (200 PM sulfide at the sediment surface in March 1996, B.S. et al. unpubl. data) . During summer 1997, with high sulfide concentrations at thesediment surface (>400 pM, B.S. et al. unpubl. data), sheathless filaments populated the surface sediment with a biomass of up to 15 g m-2. Except for the absence of a sheath, these filaments looked identical to Thioploca araucae and they had the same 16s rDNA sequence ). Consequently, they may be considered sheathless Thioploca spp. However, recent studies indicate that the nitrate-storing species of Thioploca and Beggiatoa are closely related (Ahrnad et al. 1999, Jsrgensen et al. unpubl.) . Although the biomass was lower than on the shelf (10 to 160 g m-2), it is in the same range as the biomass of Beggiatoa spp. encountered in a Danish fjord (5 to 20 g m-') (Jsrgensen 1977) . As both oxygen and nitrate were present in low concentrations (3 and 6 pM, respectively), it is not clear whether the sheathless filaments accumulated on the sediment because they switched to an oxic respiration, or whether they could still oxidize sulfide with the nitrate present, but without penetrating into the sediment. The latter seems more likely, since the filaments possessed a central vacuole and stored nitrate . Both types of populations seem to be able to endure higher sulfide concentrations than the Thioploca spp. found in shelf sediments. Nevertheless, the conditions in the Bay of Concepcion do not support a stable population of sulfur bacteria. The general trend of higher fluctuations in the population towards the coast and a higher proportion of T. araucae and shortcell filaments continued into the bay.
Effect of 'El Nino' 1998
The effect of 'El Nino' on the biomass of Thioploca spp. has been described for both Chile (Gallardo et al. 1995) and Peru (Arntz et al. 1985 , Tarazona & Arntz 1988 , Zafra et al. 1988 , Tarazona et al. 1996 . In many respects, the changes induced by the 'El Niiio' were similar to the situation observed in winter only more pronounced. The Thioploca population on the shelf was strongly reduced, due to the prolonged absence of upwelling, the presence of oxygen, and the low sulfate reduction rates (5 to 10 mm01 m-' d-l; B.S. et al. unpubl.). The highest biomass was found deeper in the sediment, as also observed in 'winter 1996 (Fig. 5) . Some parameters that were independent of season also remained the same under 'El Nino' conditions, e.g. the average diameters and cell-lengths. However, the species composition at all stations changed, sheaths tended to be larger in diameter and contained less trichomes, and sheaths containing mixed trichomes occurred more seldom (Table 1) . At Stn 4 , bottom water oxygen and nitrate concentrations during 'El Nino' were comparable to the previous summer, and a similar population of sheathless filaments was found on the sediment surface, although lower in biomass.
